Bradyzoite-to-tachyzoite conversion plays a role in the pathogenesis of recrudescence of ocular toxoplasmosis and disease in immunocompromised persons. The currently available medicines are ineffective on cysts and fail to prevent reactivation of latent toxoplasmosis. A previous study showed that the histone deacetylase inhibitor FR235222 has a dramatic effect on tachyzoite growth and induces tachyzoite-to-bradyzoite conversion in vitro. The present study shows that FR235222 can target in vitro-converted cysts and bradyzoites. Moreover, the compound is active on ex vivo T. gondii cysts. Free bradyzoites isolated after lysis of the cell wall did not proliferate in vitro when the cyst was treated with FR235222. The results imply that this compound is able to cross the T. gondii cystic cell wall. Fluorescent labeling shows that the compound impairs the capacity of the bradyzoites to convert without damaging the cyst wall integrity. In vivo inoculation of formerly treated cysts fails to infect mice when these cysts were treated with FR235222. We used our structural knowledge of FR235222 and its target, T. gondii HDAC3, to synthesize new FR235222 derivative compounds. We identified two new molecules that are highly active against tachyzoites. They harbor a better selectivity index that is more suitable for a future in vivo approach. These results identify FR235222 and its derivatives as new lead compounds in the range of therapeutics available for acute and chronic toxoplasmosis.
Toxoplasma gondii is the causative agent of toxoplasmosis and is considered one of the most common parasitic diseases, given its worldwide distribution and its broad range of intermediate hosts (18) . T. gondii is an intracellular parasite that belongs to the Apicomplexa family, like Plasmodium species, with which it shares major biologic and genetic similarities (4, 35) . Its life cycle is complex and is characterized by the interconversion phenomenon, which is the ability of the parasite to differentiate from a tachyzoite form to a cystic structure (containing the bradyzoite form) and vice versa. Cysts, which are responsible for the chronic form of toxoplasmosis, are believed to not cause symptoms in healthy people, but if they are reactivated, they can be potentially life-threatening in immunocompromised patients. Treatments of acute toxoplasmosis are currently based on the combination of pyrimethamine (PYR) and sulfadiazine, which can be associated with cytopenia and allergic skin reactions, respectively, as possible side effects. The antibiotics cotrimoxazole and clindamycin have been used as second-line treatments (14) . In addition, medicines used so far in the clinical setting target the tachyzoite form, while the tissue cysts remain unaffected. Despite the highly active research on this parasite and the description of dozens of potential new molecular targets, no candidates presenting an anticystic activity have been identified, therefore providing no grounds for a treatment able to eliminate T. gondii from infected patients. Discovering new therapeutic agents that are effective on cysts is considered one of the important challenges in toxoplasmosis in the near future (5) .
T. gondii completes its life cycle by successive processes of parasite differentiation that rely on tight control of gene expression to ensure appropriate protein profiles over time. How these changes are regulated at the molecular level remains to a large extent unknown. An unexpected feature is the apparent lack in apicomplexan parasites of large families of recognizable specific transcription factors (TFs) operating in other eukaryotes, with one exception being the plant-like AP2 DNA binding family (20) . This observation is intriguing in light of the complex life cycle of the parasite, which inevitably requires tight gene regulation. Despite the paucity of recognizable TFs, apicomplexa are endowed with a rich repertoire of enzymes associated with epigenetics and chromatin remodeling, and this observation has fueled the idea that epigenetics could play an important role in the control of gene expression (7, 17, 34) . Therefore, chromatin regulators make suitable targets for the development of therapeutics.
Increasing amounts of evidence indicate that acetylation of histones plays a substantial role in the control of gene expression during parasite interconversion (6, 32) . Histone acetylation levels are controlled by histone acetylase (HAT) and histone deacetylase (HDAC) enzymes. HDACs counteract acetylase activity by catalyzing the removal of acetyl moieties from lysine residues in histone tails, thereby inducing chromatin condensation and transcriptional repression. Recently, it has been shown that inhibition of histone deacetylase activity with histone deacetylase inhibitors (HDACis) interferes with parasite differentiation (6) . We previously showed that specific inhibition of T. gondii HDAC3 (TgHDAC3) by the cyclopeptide FR235222 disrupts the steady-state level of histone 4 (H4) acetylation across the genome, inducing derepression of stagespecific genes (6) . In the same study, we isolated parasite lines resistant to the molecule; single-point mutations found in mutagenized parasites target amino acid T99 in TgHDAC3. Similar to drug inhibition of TgHDAC3, the TgHDAC3 T99A and/or TgHDAC3 T99I mutation led to bradyzoite marker expression in parasites carrying those mutations (6) . We think that TgHDAC3 prevented the formation of tachyzoite daughter cells, while low doses of FR235222 induced conversion in bradyzoites. Comparison of different HDACis on T. gondii growth showed that inhibitors that belong to the class of cyclic tetrapeptides (such as apicidin [API], HC-toxin, and FR235222) are more effective in inhibiting Toxoplasma growth than other HDACis, such as trichostatin A (TSA) and the clinically relevant compound pyrimethamine (6, 12) .
The study described here sought to determine the biological effects of the cyclic tetrapeptide HDACis on the cystic form of T. gondii. In light of the structural features of FR235222, we generated novel FR235222 derivative compounds by hemisynthesis in order to improve selectivity against the parasite. Five FR235222 derivatives were generated, and two of them showed significantly increased selectivity.
MATERIALS AND METHODS
Mice. Outbred female Swiss mice weighing approximately 20 g each were used for all our in vivo experiments. Animal euthanasia was completed in an approved CO 2 chamber.
Drugs. The novel cyclic tetrapeptide FR235222 was kindly provided by Astellas Pharma Inc. (Osaka, Japan). The five FR235222 derivative compounds, W363, W371, W399, W406, and W425, were obtained by converting FR235222 in one or two synthetic steps. A stock solution of the HDACi cyclic tetrapeptide API (Sigma-Aldrich) was prepared in 100% dimethyl sulfoxide (DMSO), stored at Ϫ20°C, and diluted in tissue culture medium for in vitro experiments, with the final DMSO concentration in the culture medium being below 0.1%. PYR was used as a reference for anti-Toxoplasma activity and was purchased from SigmaAldrich; a 10 mM stock solution was prepared in ethanol. For proliferation assays, 2-fold serial dilutions of the drug were achieved in culture medium: from 90 nM to 2.8 nM for parasite strains and from 1 M to 15 nM for human foreskin fibroblasts (HFFs). For the evaluation of the effects on cysts, FR235222 and API were used at a final concentration of 200 nM and PYR was used at a final concentration of 1 M.
Proliferation assay with T. gondii strains and human cells. Type I T. gondii reference laboratory strain RH was used for 50% effective concentration (EC 50 ) determination, and the cystogenic type II PRU strain was used for in vitro and in vivo cyst experiments. FR235222-resistant mutant R20D9 carrying the TgHDAC3 T99A mutation was used in a second step. All strains were maintained by serial passage in an HFF monolayer under tachyzoite growth conditions in Dulbecco's modified Eagle medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 4 mM glutamine, 500 U/ml penicillin, and 250 g/ml streptomycin at 37°C in 5% CO 2 .
In vitro inhibitory concentrations for FR235222 and derivative compounds against the RH strain were determined by measuring the incorporation of [ 3 H]uracil by intracellular tachyzoites, as described previously (6 (30) . After 4 h, the monolayers were washed with phosphate-buffered saline (PBS) to remove residual [ 3 H]uracil, and the remaining material was solubilized in 500 l of lysis scintillation solution (Optiphase super mix; Perkin Elmer). The radioactivity was quantified using a liquid scintillation counter (MicroBeta TriLux; Perkin Elmer).
In vitro inhibitory concentrations for FR235222 and derivative compounds for HFF were determined using the Cell Titer Aqueous One Solution cell proliferation assay (Promega), in accordance with the manufacturer's procedure. A total of 2 ϫ 10 3 cells per well were inoculated for initial proliferation, and the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt, was added directly to culture wells after a 72-h proliferation phase. The bioreduced colored formazan produced by viable cells was quantified with a 96-well plate reader (absorbance, 490 nm). The EC 50 for each drug used in the in vitro tests was determined by nonlinear regression analysis using the HN-NonLin (version 1.1) computer program developed for the analysis of in vitro drug sensitivity data (http://www.who .int/malaria/rbm/Attachment/20041108/NonLin_V1.1.xls). The selectivity index (SI) of each drug was defined as the ratio of the HFF cell EC 50 to the RH strain EC 50 . According to definitions and activity criteria for hits and leads in drug development, an SI corresponds to the 50% inhibitory concentration (IC 50 ) for the mammalian cell line/IC 50 for the parasite. Hit activity criteria for protozoa are considered when the EC 50 is Ͻ0.2 g/ml and the SI is Ͼ100 (27) . In our experiments, a high SI indicates that the compound specifically targets Toxoplasma proliferation and has negligible effect on HFF cells.
Western blot analysis. Whole-cell extracts were prepared as follows: approximately 10 7 extracellular parasites (needle passed and filtered using a 3-m-poresize Nuclepore membrane) were lysed in 50 l of lysis buffer (10 mM Tris-HCl [pH 6.8], 0.5% [vol/vol] SDS, 10% [vol/vol] glycerol, 1 mM EDTA) and sonicated. The protein concentration was determined using a Bradford protein assay kit (Bio-Rad Laboratories) with bovine serum albumin as the standard. A total of 10 g of protein per sample was analyzed using NuPAGE 4% to 12% bis-Tris polyacrylamide gels with morpholineethanesulfonic acid-SDS running buffer (Invitrogen); transferred onto a nitrocellulose membrane (Hybond-ECL; GE Healthcare); and probed with a 1:1,000 dilution of an anti-acetyl-H4 (anti-AcH4) antiserum (AcH4
K5K8K12K16
; Millipore), a 1:1,000 dilution of an anti-H3 antiserum (H3; Abcam), and a 1:2,000 dilution of a monoclonal anti-␣-tubulin antibody (Sigma-Aldrich). The blots were developed with a SuperSignal West Pico chemiluminescent substrate kit (Thermo Fisher Scientific).
Immunofluorescence microscopy. For immunofluorescence labeling, HFFs grown on coverslips infected with the PRU or RH strain were fixed for 20 min with PBS containing 5% formaldehyde and permeabilized for 20 min with 0.2% Triton X-100. Blocking was performed with PBS containing 5% FBS and 5% goat serum for 1 h. All antibodies were diluted in 1% FBS. Coverslips were incubated for 1 h with the primary antibodies anti-P36 or anti-IMC-1 monoclonal mouse antibodies and anti-small ubiquitin-like modifier (anti-SUMO) (8) or anti-acetyl-H4 polyclonal rabbit antibodies (Millipore), followed by the secondary antibodies goat anti-mouse IgG or goat anti-rabbit IgG coupled with either Alexa Fluor 568 or Alexa Fluor 488 dye (Invitrogen) at a 1:1,000 dilution. Anti-P36 reveals the SRS9 and BSR4 proteins, two specific markers of the bradyzoite stage (36) . Anti-T. gondii SUMO (TgSUMO) labels not only the surface of in vitro-induced cysts but also the parasite nucleus (8) . The nuclei of host cells and parasites were stained for 10 min with Hoechst 33258 dye at 2 g/ml in PBS. After 3 washes, coverslips were mounted on a glass slide with Mowiol mounting medium, and images were acquired with a fluorescence microscope (Axioplan 2; Carl Zeiss, Inc.). G. E. Ward (University of Vermont, Burlington, VT), U. Gross (Institute of Medical Microbiology, University of Göttingen), and J. F. Dubremetz (Centre National de la Recherche Scientifique, Montpellier, France) provided antibodies against IMC-1, CC2, and P36 (SRS9-BSR4), respectively.
In vitro FR235222 activity on tachyzoites and bradyzoites. HFFs were grown in 24-well plates covered with glass coverslips. For the RH strain, 5e4 extracellular tachyzoites were allowed to invade HFF cells; the medium was replaced by medium containing either FR235222 60 nM (the IC 100 ) or 0.1% DMSO as the control. After 24 h, the slides were fixed and used for IMC-1 and AcH4 labeling, as described above.
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For the type II cystogenic PRU strain, 1.5 ϫ 10 4 extracellular tachyzoites were allowed to invade HFF cells. The strain had recently been isolated from mouse brain to ensure that tachyzoites could interconvert naturally in vitro. Natural cystogenesis of our PRU strain was obtained on day 7. Bradyzoite induction was assessed for P36 expression by immunofluorescence assay on one of the coverslips. The medium was removed and replaced by medium containing FR235222 at 30 nM and 50 nM or DMSO at 0.1% under the control condition. After 24, 48, and 72 h, the medium was removed and the effect on bradyzoite and cyst stage-specific P36 and SUMO expression by in vitro cysts was assessed by immunofluorescence assay (IFA) (8) . The same experiment was done after tachyzoites were switched into bradyzoites using alkaline medium (pH 8.2) on day 3; induced cysts were obtained and treated as described before for 3 more days.
HDACi activity on ex vivo T. gondii cysts and bradyzoites. Cysts were isolated from brains of mice chronically infected with the PRU strain, using the Percoll gradient method, as described previously (11) . In order not to deteriorate the cyst cell wall, neither saponin nor trypsin was added at the end of the experiment. Cysts were resuspended in 1 ml culture medium containing FR235222 (200 nM), apicidin (200 nM), or pyrimethamine (1 M) in six-well plates at 37°C in 5% CO 2 . Cysts treated with 0.1% DMSO, 0.1% ethanol, or medium only were used as controls. Not knowing the EC 50 for bradyzoites (which was impossible to obtain because bradyzoites do not proliferate) and working on the cyst form, which is known to be highly resistant, we arbitrarily chose a 200 nM concentration, which is quite high compared to the IC 100 for tachyzoites (about three times the IC 100 for free tachyzoites) but which is still far less than the concentrations of drugs currently used in toxoplasmosis (24) . The activity against tissue cysts was evaluated using three different approaches. Each experiment was conducted at least in triplicate.
On day 7, in a first series of experiments, the cysts were counted, resuspended, pelleted, washed twice in PBS buffer, and stained with a solution of acridine orange and ethidium bromide (AO-EB), as described previously (1). This technique assesses the viability of treated cysts and is easy to use as a screening method. Viable cysts stained green, whereas cysts affected by treatment presented a color from yellow-green to orange-red. All samples were identified by numbers so the reader was not influenced by the cyst treatment. In a second series of experiments, cysts treated with FR232222 or DMSO for 7 days were stained with Dolichos biflorus lectin conjugated to fluorescein in order to evaluate the integrity of the cell wall. Briefly, the cysts were washed with PBS, fixed in 5% paraformaldehyde for 20 min, washed twice with PBS, and then permeabilized and blocked for 20 min in a solution containing 5% FBS and 0.2% Triton X-100 (final concentrations). The washed cysts were stained with 1:100-diluted Dolichos lectin for 30 min. The stained cysts were examined with a fluorescence microscope (Axioplan 2; Carl Zeiss, Inc).
In a second, independent experiment, in order to evaluate the interconversion capacities of bradyzoites within the treated cyst, cysts treated for 7 days were washed three times and inoculated on an HFF monolayer in fresh medium for 7 additional days. To ensure that the observed effect was independent of the cystic cell wall (hypothetically, remaining drug is trapped in the cystic cell wall), washed cysts were lysed so that only free-living bradyzoites were inoculated on the HFF monolayer. Briefly, after 7 days of treatment, the remaining red cells were lysed using 0.1% saponin for 5 min and then washed twice in PBS, and the cystic cell wall was lysed with 0.25% trypsin solution (Gibco) for 1 min at 37°. Washed bradyzoites were inoculated in fresh medium for 7 more days in a six-well plate formerly coated with an HFF monolayer. The medium was changed once on day 3 for each type of experiment. Viable bradyzoites are able to convert to the tachyzoite replicative form. The parasite load in each well was quantified on day 7, after DNA extraction of the pellet (QIAmp DNA minikit; Qiagen) using the reverse transcription-PCR (RT-PCR) targeting the B1 gene, as described previously (9) .
A third series of experiments was conducted to assess the infective power of the FR232222-treated cysts and the control cysts. The cysts were treated in vitro with FR235222 (200 nM), PYR (1 M), or DMSO as a control. After 7 days, the presence of cysts was confirmed with an inverted microscope and the treated cyst suspensions were washed, pelleted, and inoculated intraperitoneally into four mice for each condition (from 25 to 50 cysts were injected per mouse, depending on the experiment). Six weeks after inoculation, the mice were euthanatized, the brains were isolated and homogenized in 4 ml PBS with an adapted potter, and 300 l of crushed brain was evaluated for the presence of cysts using the Dolichos lectin staining method, as described above. The serum of each mouse was checked for Toxoplasma antibodies using a direct agglutination method (Toxo-Screen) and Western blot analysis of the IgG immune response using the WB LD-bio diagnostic test (LB-Bio Diagnostic, Lyon, France) with an anti-mouse IgG-alkaline phosphatase conjugate.
RESULTS
FR235222 effects on tachyzoites and bradyzoites induced in vitro. FR235222 induced multiple defects on multiplying tachyzoites, such as polynucleated parasites, the disappearance of IMC-1-delineated daughter cells, and increased histone H4 acetylation levels (Fig. 1A) . To determine whether FR235222 had an effect on bradyzoite differentiated parasites, in vitro cysts were cultured in the presence of FR235222 and observed by IFA. Figure 1B shows that the morphology of the treated parasites was dramatically altered: giant bradyzoites with multiple nuclei were observed, as assessed by anti-P36 and anti-SUMO labeling. These phenotypic aspects were observed for every treated cyst (100% altered cysts 24 h after treatment with the lowest concentration [30 nM] of FR235222), contrary to those of control cysts, which showed a classic structure (normally sized bradyzoites with one nucleus). All the in vitroinduced T. gondii cysts also stained for the specific cyst cell wall monoclonal antibody (MAb) anti-CC2 (16), confirming that they were not parasitophorous vacuole (see data set A in the supplemental material). These data indicated that FR235222 was able to affect bradyzoites differentiated in vitro.
FR235222 effect on ex vivo cysts. (i) In vitro experiments.
To specify the potential activity of FR235222 on Toxoplasma tissue cysts, chronically infected mice were euthanatized and the cysts were isolated and treated with different compounds ex vivo for 7 days. An objective count of AO-EB-stained cysts after a 7-day treatment revealed that there were no major differences between any of the different treatments compared to the results for the DMSO or ethanol controls ( Fig. 2A) . Contrary to the findings of Araujo et al. (2) , who obtained a majority of dead cysts when the cysts were treated with atovaquone, a maximum 44% of our cysts treated with an HDACi (API or FR235222) were orange and considered not viable. Under all conditions, there was a high rate of noninformative cysts within the group of orange-green cysts ( Fig. 2A) . We concluded that this method was not suitable to test cyst viability under the conditions tested. The total cyst count in the presence of drugs did not significantly differ from day 1 to day 7, suggesting that the cysts were not disrupted by the drugs during the incubation time. Dolichos lectin staining of the cyst wall after a 7-day treatment with FR235222 or DMSO as a control confirmed that the cyst wall remained unaffected under both conditions (Fig. 2B) . In an independent experiment, after the 7-day treatment, bradyzoites were released from treated and untreated cysts and labeled with the SRS9-BSR4 MAb. All parasites were positive for SRS9-BSR4 MAb labeling, confirming (i) the presence of parasites after treatment and (ii) the bradyzoite stage of the inoculated parasite (see data set SB in the supplemental material).
Considering phenotypic aspects of treated cysts observed in vitro, the ex vivo-treated cysts at first seemed to be poorly affected by FR235222. To further explore cyst viability after FR235222 treatment, a proliferation assay was conducted. After 7 days of incubation of the cysts in the presence of FR235222 in the culture medium, the cysts were washed and allowed to differentiate into tachyzoites over a confluent HFF monolayer. Tachyzoite-induced lysis plaques were observed in the cultures with DMSO and pyrimethamine, whereas no lysis plaques were observed in the cultures with FR235222 or apicidin, another cyclopeptide inhibitor. We confirmed that this absence of proliferation was due to an effect of the drug on bradyzoites themselves, because the same effects were observed when the cystic cell wall was lysed with trypsin and when only bradyzoites were incubated in the medium. Thus, these data suggest that HDACis prevent bradyzoite-to-tachyzoite conversion in vitro, which was confirmed by quantitative analysis of the B1 gene (Fig. 2C ). Bradyzoites were able to interconvert and proliferate when cysts were treated with DMSO or pyrimethamine, as assessed by the amount of DNA in each well. On the contrary, B1 DNA was detected in only small amounts when bradyzoite-containing cysts were treated with either FR235222 or apicidin (420-fold less compared to control) (Fig. 2C) , reflecting the near absence of parasite growth.
The very small amount of T. gondii DNA could be explained by the presence of residual parasites.
(ii) In vivo experiments. Intraperitoneally injected living cysts usually induce parasite dissemination, and mice become seropositive for anti-Toxoplasma IgG and chronically infected with Toxoplasma cysts in their brain tissue. The reinoculation of treated cysts is a good way to test the efficacy of a drug against these cysts (2) . Six weeks after inoculation of drug-or DMSO-treated cysts, the mice were euthanatized. The pres- on October 15, 2017 by guest http://aac.asm.org/ ence or absence of cysts in their brain tissue was assessed by Dolichos lectin staining, which stains the cyst cell wall fluorescent green. While a significant number of cysts were detected in mice that received DMSO control-or PYR-treated cysts, no cysts were detected in mice inoculated with FR235222-treated cysts, suggesting the absence of toxoplasmosis in these mice (Fig. 3C ). Serological screening for T. gondii antibodies for each mouse confirmed the absence of any detectable serological reaction against the parasite using both the agglutination test and the Western blot methods (Fig. 3A) . Proliferation assay with FR235222 derivatives. In vivo experiments require the use of nontoxic compounds to ensure a specific action on the target disease. FR235222 is a cyclic tetrapeptide that displays remarkable chemical and biophysical properties. Its typical drug profile is characterized by good membrane permeation and a high affinity with the targeted enzyme. It turns out that the effectiveness of FR235222 relies on the presence of certain residues present only on parasitic HDAC3 and not on human homologs, which makes it a good candidate for specific antiparasitic action (6) . This compound is also an attractive lead for the generation of new and more effective derivatives. The conversion of FR235222 by hemisynthesis was easily achieved in one or two steps, and five derivatives have been made so far (Fig. 4A) . All EC 50 results and the corresponding selectivity indexes of the tested drugs are shown in Fig. 4B . On RH strain tachyzoites, derived compounds W363 and W399 showed EC 50 s equivalent to the FR235222 EC 50 (10.2 nM, 11.3 nM, and 9.7 nM, respectively). Other compounds were either less effective on the parasite (W371 EC 50 ϭ 19.3 nM; W406 EC 50 ϭ 95.3 nM) or failed to exhibit any potent activity (W425). The W363, W371, and W399 EC 50 s on dividing HFF host cells (632 nM, 385 nM, and 539 nM respectively) were above the FR235222 EC 50 (127.9 nM). Consequently, W363 and W399 had improved selectivity against T. gondii, with the SIs (ratios of EC 50 for cells/EC 50 for the RH strain) being 62 and 47.7, respectively (Fig. 4B) . It should be noted that FR235222 showed the lowest SI (13.2) among the compounds tested. . No major differences in distribution between green, orange-green, and orange cysts were observed when the different conditions and treatments were considered. (B) Dolichos lectin staining of the cyst cell wall. Ex vivo cysts were treated for 7 days with compound FR235222 or control (DMSO). After 7 days, the cyst cell walls were labeled with Dolichos lectin. No morphological disruption of the cyst cell wall was observed in cysts treated with FR235222. Magnification, ϫ400; bars, 40 m. (C) Interconversion assay with free bradyzoites isolated from treated cysts: effect of FR235222 on bradyzoite interconversion (average of two independent experiments; logarithmic scale). Bradyzoites were able to interconvert and proliferate when cysts were treated with DMSO or PYR, and fewer numbers were obtained from cysts treated with FR235222 or API, suggesting the marked reduction in interconversion and proliferation.
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To ascertain that the new derivatives are still acting directly on TgHDAC3, wild-type and mutant (R20D9) tachyzoites were incubated with the compounds and growth was monitored. All the compounds that remained active on the wildtype strain (W363, W399, W371, and W406) were no longer active on the FR235222-resistant mutant. As shown in Fig. 4C , the FR235222-resistant mutant (R20D9) was able to proliferate at an elevated rate in the presence of 90 nM the three active derivative compounds (W363, W399, W371) as well as apicidin. Residual parasite growth was noted even at 180 nM for W399 and apicidin. Therefore, these data indicate that the new compounds were still acting as HDACis and that TgHDAC3 remained the targeted enzyme. To determine whether growth inhibition by the compounds was associated with hyperacetylation of histone H4, AcH4 levels were analyzed by immunoblotting (Fig. 4D) . As expected, parasites treated with most of the FR235222 derivatives (W371, W399, and W406) induced histone H4 hyperacetylation. The relative level of histone H4 acetylation was also reduced when these compounds were used on resistant TgHDAC3 T99A mutant R20D9. Unexpectedly, the W363 compound failed to alter the levels of H4 acetylation (Fig. 4D) , suggesting that its ability to inhibit tachyzoite growth is not mediated by or linked to the overall level of histone acetylation. This discrepancy is interesting and calls for further investigation (see Discussion).
DISCUSSION
New therapeutic targets are needed because of the poor therapeutic armamentarium for Apicomplexa-related disease and the rapid emergence of drug resistance (28) .
One-third of the human population is currently and chronically infected with T. gondii cysts (25) . Cysts containing bradyzoites are usually considered harmless in healthy individuals but may be a time bomb in the immunocompromised patient, because of their ability to liberate freshly converted invading tachyzoites. Once infection has spread, the rate of mortality among highly fragile patients, such as patients with hematological malignancies, is up to 90% (13) . For these patients, a therapeutic goal would be to prevent bradyzoite conversion into spreading tachyzoites. So far, no drugs commonly used for toxoplasmosis have shown efficacy against tissue cysts. A first report in 1992 suggested that hydroxynaphthoquinone (atovaquone) had partial activity on cyst tissue in a mouse model (1) . Unfortunately, the parasites have a strong ability to spontaneously develop drug resistance by mutation of the atovaquonebinding site on cytochrome b, and clinical cases of resistance have been described (3, 23) . Atovaquone has never become a first-line treatment for toxoplasmosis, and its partial efficacy on parasite cysts has never been further explored (10) .
Knowing the effect of FR235222 on the tachyzoite form of T. gondii, we logically sought to check its potential activity on the bradyzoite. FR235222 has a spectacular effect on bradyzoites obtained in vitro. This first observation leads us to believe that the HDACi FR235222 is able to cross the cell wall, alter the in vitro-induced cysts, and reach the contained bradyzoites. This hypothesis was tested on ex vivo Toxoplasma cysts. We first decided to use a rapid screening method using AO-BET staining, as described before with atovaquone (19) . Using the first method, no drastic effect on cysts was evidenced with FR235222. Even more important, the external structure of the cyst was proved to remain intact under FR235222 conditions using Dolichos lectin staining. Considering that FR235222 pushed tachyzoites to differentiate by triggering the transcription of certain bradyzoite-sporozoite-specific genes (6), the question was raised as to whether this impact on the natural course of the T. gondii life cycle occurred on bradyzoites as well. In agreement with FR235222 inducing tachyzoite-tobradyzoite conversion, in vitro and in vivo experiments proved that FR235222-treated cysts and bradyzoites were not able to convert into multiplying tachyzoites. Furthermore, even with 50 treated and injected cysts, no signs of any serological reaction could be detected in mice.
Altogether, FR235222 appeared to be a bradyzoite-totachyzoite conversion inhibitor. However, the molecular mechanism remains to be defined. Regarding FR235222 activity (i.e., as an HDACi), one can assume that epigenetic factors involved in bradyzoite stage conversion are probably profoundly and definitively disturbed. So far, stage conversion studies have focused on the tachyzoite-to-bradyzoite processes (21, 22, 32) . This is easily explained by two main technical issues: bradyzoites have to be freshly isolated from tissue cysts, and once they are in culture, they inexorably convert into tachyzoites, preventing any further analysis. Nevertheless, bradyzoite-to-tachyzoite conversion is a major clinical event. Preventing the parasite differentiation process could be an effective way to prevent the parasite from spreading. The HDACi cyclic tetrapeptide FR235222 has proved to inhibit T. gondii and Plasmodium species proliferation at the nanomolar level. Using genetic approaches, parasite lines resistant to this molecule were isolated; single-point mutations within TgHDAC3 (T99A or T99I) were sufficient to decrease the sensitivity of T. gondii parasites to FR235222 or apicidin, thus providing genetic evidence that TgHDAC3 is the drugtargeted enzyme. Interestingly, residue T99 along with amino acid A98 create an insertion within the catalytic site of the enzyme that is exclusively conserved in the Apicomplexa HDAC3 family of proteins and absent in any other eukaryotic HDACs characterized thus far (6) . We observed that FR235222 inhibits parasite proliferation without affecting the human host cells monolayer and that parasites are 13 times more sensitive to FR235222 than HFF cells under proliferative conditions, thus revealing a certain specificity of action of FR235222 toward parasites. Though FR235222 is relatively nontoxic to primary host human cells (26) , an increase in AcH4 levels in human cells was observed at high concentrations (1 M) of FR235222, indicating that this compound is somehow active on one or multiple mammalian HDACs (15) . Moreover, FR235222 has been proved to have some efficacy on a human leukemia cell line, with induction of apoptosis occurring at a high concentration (0.5 M) (29) . In the present study, we tailored the synthesis of new FR235222 derivative compounds to optimize this specific antiparasitic effect and to minimize potential effects on human cells. The new molecules W363 and W399 appeared to be effective on tachyzoites, with their EC 50 s being comparable to the FR235222 EC 50 . Interestingly, they are less effective than the parental drug, FR235222, on human cell proliferation, increasing the selectivity index. This correlates quite well with the increase in the levels of acetylated H4 upon treatment with these compounds and remained unchanged in the mutant background involving TgHDAC3 as a major target for these new molecules. Surprisingly, the W363 molecule is unable to enhance the level of acetylation of histone H4, despite its ability to inhibit growth efficiently. Currently, we do not have an explanation. A possible hypothesis could be that W363 affects TgHDAC3 activity in a substratespecific manner; given that HDACs work in multisubunit complexes to deacetylate different substrates (33) , it is therefore possible that W363 targets a particular HDAC complex in charge of regulating the acetylation status of only a subset of histones at certain loci or a specific nonhistone protein directly responsible for parasite growth arrest. Overall, the antiparasitic activity of this drug family contributes an attractive per- The findings of the present study extend our knowledge of how FR235222 and derivatives act on the tachyzoite and bradyzoite forms. Immunofluorescence microscopy analysis indicated that FR235222 induced a polyploidy of in vitro-induced bradyzoites in a fashion similar to that for tachyzoites, and in vivo experiments indicated that FR235222 is able to access the bradyzoites within the cyst: we observed that brain cysts treated with FR235222 were no longer capable of inducing toxoplasmosis in the mouse model. The ability of FR235222 to permeate the membrane wall is a major advantage for crossing the blood-brain barrier and central nervous system tissue where Toxoplasma cysts are located (31) . This opens a promising way to develop drugs that are selective against Toxoplasma and that have sterilizing activity, especially in patients with cysts, who are at risk for reactivating acute toxoplasmosis (patients with HIV infection, hematological malignancies, or transplantation). Still, its effectiveness in vivo against chronically infected mice remains to be directly demonstrated.
